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Abstract: Pancreatic cancer is a rare but highly malignant cancer with few effective treatments
available. Targeting cancers bearing specific genetic mutations offers a new approach for
cancer therapy. PROTAC (proteolysis-targeting chimeras) is an emerging technique to design
targeted therapy and increasing evidence supports its utility. This study examined the in
vitro pharmacodynamics and mechanism of PROTAC K-Ras Degrader-1 (PKD-1), a PROTAC
molecule, in inhibiting the proliferation of pancreatic cancer cells. We used a pancreatic cancer
cell line, MIA PaCa-2 cells, to examined the binding and degradation-promoting capabilities of
PKD-1 on KRAS G12C protein and further evaluated the effects of PKD-1 on cell viability, cell
cycle and apoptosis. PKD-1 was able to bind to KRAS G12C protein, promoted its degradation
for up to 72 h, reduced cell viability, increased cell cycle arrest and promoted cell apoptosis.
Mechanistic study found that the efficacy of PKD-1 was at least partially mediated by promoting
26S proteasome degradation process. Combined, these results extended previous findings and
support the potential utility of PROTAC molecules such as PKD-1 as a new treatment strategy
against pancreatic cancer.
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1 Introduction
Pancreatic cancer is a relatively uncommon malignancy with a very high mortality rate,

occurring mainly in people aged 40 years and older [1, 2] and the health burden of pancreatic
cancer is increasing in most countries. An estimated 447,665 new cases of pancreatic cancer
were recorded globally in 2017 (58.6 per million) and this number was likely an underestimate.
In the US, approximately 60430 was newly diagnosed in 2021. Incidence, prevalence and
mortality increased by 55%, 63% and 53% in the past 25 years, respectively. Pancreatic cancer
accounts for 1.8% of all cancers, causing 3.9% of all cancer disability-adjusted life years
and 4.6% of all cancer deaths [3]. Effective screening is not available for pancreatic cancer
and most patients present with locally advanced (30-35%) or metastatic (50-55%) disease
at diagnosis [4]. Despite great efforts have been undertaken to treat diagnosed pancreatic
cancer with surgery, radiation and adjuvant chemotherapies, the overall survival rate remains
abysmal with 5 year overall survival rate lingering around 10% [4, 5] . Novel and more targeted
therapies are in dire need to radically improve the treatment results of pancreatic cancer. Recent
large-scale molecular profiling efforts have attempted to uncover genomic subtype prevalence
and corresponding therapeutic relevance in pancreatic cancer. One such effort found that the
mutations in the RAS gene are present in about 90% of patients with pancreatic cancer [6], and
as a result therapies that target the RAS gene may be an effective way to improve pancreatic
cancer treatment results.

The rat sarcoma (RAS) gene was the first identified proto-oncogene and functionally acquired
RAS mutations occur in approximately 30% of human cancers. The most common RAS muta-
tions include Kirsten RAS (KRAS), Harvey RAS (HRAS) and neuroblastoma RAS (NRAS),
with KRAS being the predominant mutant subtype, accounting for approximately 85% of all
RAS mutations. The KRAS mutations are genetic drivers of multiple cancer types, especially
colorectal cancer, pancreatic cancer and non-small cell lung cancer [7]. KRAS mutations at
codon 12 (KRAS-G12) account for 89% of KRAS mutations in human cancers, among which
three most common mutations are G12C, G12D, and G12V. KRAS G12C, a small GTPase,
switches between a GTP-bound active state and a GDP-bound inactive state, and the transition
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between these states is regulated by guanine nucleotide-exchange factors (GEFs) which promote
the exchange of GDP to GTP and GTPase-activating protein (GAP) which favor the exchange
of GTP to GDP [8]. RAS proteins had long been considered ”non-druggable targets” due to
the lack of ideal binding pockets on their surface; however, recent studies have revealed that
the KRAS G12C protein has two superficial binding pockets, Switch I and Switch II, on its
surface. Small molecule compounds can form irreversible covalent binding to cysteines in the
Switch II binding pocket, locking KRAS into an inactive state and thereby inhibiting activation
of downstream pathways. For example, PROTAC (PROteolysis TArgeting Chimeras) molecules
can bind to KRAS G12C proteins and affect the circulation of GTP and GDP, thus inhibiting
the signaling pathway and slowing down the proliferation and migration of tumor cells [5]. In
May 2021, Sotorasib (AMG-510), a covalently bound small molecule targeting KRAS G12C
has been approved by the FDA for the treatment of locally advanced or metastatic non-small
cell lung cancer in adult patients with KRAS G12C mutation [9]. Another compound with
similar mechanism of action with Sotorasib, Adagrasib (MRTX-849), is currently in a clinical
phase III study [10]. However, both Adagrasib and Sotorasib have been reported to develop
acquired drug resistance and MAPK pathway reactivation during dosing [11]. Therefore, it
seems important and necessary to find new therapeutic strategies for targeted therapy of KRAS
mutated cancers. PROTAC technology is a protein degradation technique in which the PROTAC
molecule contains three important components, namely an E3 ubiquitin ligase ligand, a target
protein of interest (POI) ligand and a linker connecting the two ligands [12]. PROTAC molecule
links the target protein to the E3 ubiquitinase and subsequently ubiquitinates the target protein,
thereby allowing it to enter the protease pathway for degradation [13]. The PROTAC small
molecule ARV-110, which targets androgen receptors, has entered clinical phase II trial for the
treatment of prostate cancer [14], suggesting that PROTAC technology can be a viable approach
to target and degrade KRAS G12C for the treatment of pancreatic cancer.

PROTAC K-Ras Degrader-1 (PKD-1) is a potent KRAS G12C degrader by linking the E3
ligase ligand CRBN to a small molecule KRAS G12-targeting compound via a segment of
linker which demonstrates > 70% degradation efficacy in SW1573 cells, a human alveolar cell
carcinoma cell line bearing KRAS G12C mutation [15]. In this study, we evaluated the ability
of PROTAC K-Ras Degrader-1 to bind to KRAS G12C protein and determined the effects of
PKD-1 on cell proliferation activity, cell cycle and apoptosis. Our results demonstrated that
PROTAC K-Ras Degrader-1 had the ability to target and degrade KRAS G12C protein, inhibit
cell proliferation by blocking the cell cycle in G0/G1 phase, and subsequently promote apoptosis.
These results provided the first line of evidence supporting the usefulness of PROTAC K-Ras
Degrader-1 against pancreatic cancer.

2 Materials and methods
2.1 Primary instruments

Ultra Clean Bench (Shanghai Shangjing, China); CO2 Incubator (SANYO, Japan); OLYM-
PUSIX73 Inverted Fluorescence Microscope (Olympus, Beijing, China); Centrifuge (Beckman,
USA); Enzyme Labeler (Burton Instruments, USA); Automatic Chemiluminescence Imaging
Gel Imaging System (Beijing Saizhi Venture Technology Co., Ltd.); Flow Cytometer (Bio-Rad
USA).

2.2 Drugs and reagents
β-actin antibody (AA128-1), RPS6 (AF7917), phosphorylated RPS6 (AF5917), ERK1/2

(AF1051), phosphorylated ERK1/2 (AF5902), enzyme-labeled goat anti-rabbit IgG (A0208),
enzyme-labeled goat anti-mouse IgG (A0216), Hoechst staining kit (C0003), and BCA concen-
tration determination kit (P0010) were purchased from Beyotime Biotechnology Co. (Shanghai,
China). KRAS G12C Nucleotide Exchange Assay Kit (#79859) was purchased from BPS
Bioscience (San Diego, CA, USA). ATP Lite 1-STEP Luminescence Assay System (6016731)
was purchased from PerkinElmer (Massachusetts, USA). Cell Cycle Assay Kit (Kga512) was
purchased from KeyGen Biotech (Nanjing, China). PROTAC K-Ras Degrader-1 (PKD-1)
(#Hy-129523) and MRTX-849 (#Hy-130149) were purchased from MedChemExpress (Mon-
mouth Junction, NJ, USA). Bortezomib Bortezomib (PS-341) (#L2007282) was purchased from
Aladdin Bio-Chem Technology (Shanghai, China). PKD-1 and MRTX-849 were dissolved in
DMSO and stored at -20◦C for less than 1 month before use in in vitro experiments. Vehicle
(DMSO) was used as a control in all experiments at a maximum concentration of 0.1%.

The chemical structure of PROTAC K-Ras Degrader-1 (PKD-1) is shown in Figure 1.
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Figure 1 Chemical structure of PKD-1

2.3 Cell lines and culture
The human pancreatic cancer cell line MIA PaCa-2 was purchased from the Stem Cell Bank

of the Chinese Academy of Sciences (Shanghai, China) and grown in Dulbecco’s modified
Eagle’s medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS) (Sijiqing Biological Engineering Materials, Hangzhou, China), 100 U/ml penicillin and
100 mg/ml streptomycin at 37◦C with 5% CO2. All cells were harvested in the exponential
growth phase for assays.

2.4 KRAS G12C nucleotide exchange assay
To examine the binding ability of PKD-1 to KRAS G12C protein, the KRAS G12C nucleotide

exchange assay kit was used and the assay was performed according to the protocol guidance.
Briefly, prepare 2 × KRAS (G12C) buffer, DTT, and BODIPY-GDP loaded with KRAS G12C,
along with 1 × KRAS G12C buffer containing 1 mmol/L DTT and 15 µL of the required
primary reaction solution (obtained by mixing 5 µL of BODIPY-GDP with 10 µL of 1 × KRAS
G12C buffer), and add to each well 15 µL of the primary reaction solution. A solution of PKD-1
and MRTX-849 containing 5% DMSO was prepared, and a concentration gradient between
0.0005-10 µmol/L was used. 5 µL of sample was added to each well and centrifuge to ensure
that the samples were well mixed, and the samples were then incubated at room temperature
for 2 h. The samples were then mixed at a 1:1 ratio of GTP (10 µM) and EDTA (25 mM)
solutions and incubated at room temperature for 2 h. After incubation, 5 µL of the GTP/EDTA
mixture was added to initiate the reaction and incubated at room temperature for 1 h. Then the
fluorescence at Ex470 nm/Em 525 nm was measured.

2.5 Adenosine triphosphate (ATP) assay
ATP assay (ATPlite 1 step Luminescence Assay System, PerkinElmer, Waltham, MA, USA)

was used to measure cell proliferation viability and the effect of PKD-1 on cell proliferation
activity according to manufacturer’s instructions. Briefly, MIA PaCa-2 cells were suspended to
1 × 103 cells/mL, inoculated with 90 µL per well in a black opaque 96-well plate and incubated
overnight at 37°C in a 5% CO2 cell incubator. The next day the cells were treated with different
concentrations of PKD-1 or MRTX-849 and the control group was treated with DMEM culture
medium. PKD-1 and MRTX-849 stock solutions were prepared at a concentration of 10 mmol/L,
respectively, and diluted with DMEM culture medium to a concentration gradient (0.0005 – 10
µmol/L) and added to the culture wells at 10 µL each. An equal volume of DMEM culture
solution was added to the control group. The 96-well plates were incubated for 72 h at 37°C
in a 5% CO2incubator. 100 µL of ATP LITE 1-STEP solution was added to each well in a
light-protected environment, and the luminescence intensity of each well was determined by
shaking for 5 min with a microshaker. The cells treated with DMEM medium were used as the
control group, and the half-inhibitory concentration (IC50) was calculated.

The effect of PS-341 on cell proliferation activity was also assessed by the ATP method, and
a concentration of PS-341 that was not toxic to cells was selected for the experiment. 96-well
plates were prepared and DMEM medium containing PS-341 at final concentrations of 10 and 40
nmol/L was added, respectively, and the control group was treated with DMEM medium at 100
µL per well for 24 h. After 24 h, the culture medium was replaced, and the final concentrations
of PS-341 remained at 10 and 40 nmol/L, respectively, while the final concentration gradients
of PKD-1 were 0.0015-10 µmol/L. The cells were further incubated for 72 h at 37°C in a 5%
CO2 incubator, and then ATP assay was performed as described above.
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2.6 Western blotting assay
Effects of PKD-1 on KRAS degradation was examined using Western blotting assay. For

this assay, total protein was extracted from cells and examined following previous published
protocols [16]. Briefly, cells were lysed in the RIPA buffer and centrifuged at 4°C. Equal amounts
of protein (20-35 µg) were separated with SDS–PAGE and transferred onto PVDF membranes.
Membranes were blocked and then incubated overnight with primary antibodies. After washes,
the membranes were incubated with secondary antibodies. The immunoreactive bands were
visualized using BeyoECL Plus purchased from Beyotime Biotechnology Co. (Shanghai, China)
by enhanced chemiluminescence system (Pittsburgh, PA, USA).

2.7 Flow cytometry
Cell cycle analysis was performed using flow cytometry (Bio-Rad Laboratories, Hercules,

CA USA) following previously published protocol [17]. Briefly, the MIA PaCa-2 cells were
seeded into 6-well plates with a density of 1 × 105 cells/well to adhere overnight, followed
by treatment with 0.1 and 1 µmol/L of PKD-1 or DMEM medium for 24 h. The effects of
PKD-1 on cell cycle progression and apoptosis were determined using fluorescence-activated
cell sorting (FACS) analysis with PI or PI/FITC-labeled annexin stained cells according to the
manufacturer’s recommended procedures and analyzed by the flow cytometer.

2.8 Apoptosis assay
MIA PaCa-2 cells were cultured in 6-well plates at 3 × 105 cells/well and incubated with

PKD-1 at 0.1 and 1 µmol/L for 24 h to explore a dose-dependent analysis. Harvested cells
were washed with PBS and stained with Annexin V and Propidium Iodide (Beyotime, Shanghai,
China). Cells were examined by a fluorescence microscopy (Olympus, Tokyo, Japan).

2.9 Statistical analysis
Data were expressed as mean ± SD and analyzed using one-way analysis of variance followed

by Dunnett’s test. Statistical analysis was performed using SPSS 26.0 software, and P < 0.05
was considered statistically significant.

3 Results
3.1 PKD1 binding to KRAS G12C protein

To examine the binding ability of PKD-1 to KRAS G12C protein, the KRAS G12C nucleotide
exchange assay was used. As shown in Figure 2, PKD-1 immobilized KRAS G12C in the
inactive state, and the fluorescence intensity increased with increasing drug concentration,
indicating that PKD-1 could effectively bind to KRAS G12C protein. The EC50 values of PKD-
1 and MRTX-849 bound to KRAS G12C protein were 0.1447 and 0.1973 µmol/L, respectively,
suggesting that PKD-1 and MRTX-849 have similar binding affinity to KRAS G12C protein.

Figure 2 Protein binding experiment

The binding ability of PKD-1 to KRAS G12C protein was further examined by Western
blotting assay. As shown in Figure 3, with the increase of PKD-1 concentration, the KRAS
molecular weight was increased and the KRAS protein bands shifted upward, suggesting that
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PKD-1 bond directly to KRAS G12C protein and as a result the compound increased the
molecular weight of KRAS.

Figure 3 Binding of PKD-1 with KRAS protein; A, B Western blotting analysis of the
expression of KRAS in MIA PaCa-2 cells treated with PKD-1 (0.1, 0.25, 1, and 2.5 µmol/L) for
8 h; The data are expressed as the mean ± SD (n = 3); Compared with the control group, ∗p <
0.05.

3.2 PKD-1 promotes the degradation of KRAS G12C protein
Because PKD-1 was able to directly bind to KRAS G12C (Figure 3), next we examined

whether the binding of PKD-1 could promote the degradation of KRAS G12C protein. A
binding time course study showed that at a fixed concentration of 0.5 µmol/L, PKD-1 first
time-dependently shifted the KRAS G12C protein band upward, and then promoted KRAS
G12C degradation starting from 24 h onward (Figure 4). This result indicates that PKD-1
binding on KRAS protein promoted the degradation of KRAS protein.

Figure 4 PKD-1 promoted the degradation of KRAS G12C protein; A, B Western blotting
analysis of the expression of KRAS in MIA PaCa-2 cells treated with PKD-1 or MRTX-849
(2, 4, 8, 12, 24, 48,72 h) for 0.5 µmol/L; The data are expressed as the mean ± SD (n = 3).
Compared with the control group, ∗p < 0.05.

3.3 Effect of PKD-1 on cell proliferation activity
Given that PKD-1 was able to promote the degradation of KRAS G12C protein (Figure 4), we

next examined whether this effect could lead to the inhibition of MIA PaCa-2 cell proliferation.
As shown in Figure 5, both PKD-1 and MRTX-849 significantly and concentration-dependently
inhibited the proliferation of MIA PaCa-2 cells. The IC50valuesof PKD-1 and MRTX-849
on MIA PaCa-2 cell viability were 0.276 and 0.005 µmol/L, respectively, suggesting that
MRTX-849 was more potent than PKD-1 in this assay. For MRTX-849, the inhibitory effect
was already quite pronounced at the lowest concentration tested. At higher concentrations, the
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inhibitory effect of PKD-1 and MRTX-849 was similar and both were very effective against cell
proliferation.

Figure 5 Effects of PKD-1 and MRTX-849 on cell proliferation

3.4 Role of proteasome inhibition in PKD-1-induced inhibition of
cell proliferation

Because the mechanism of PROTAC technology is that the molecule binds to the target
protein which is then linked to E3 ubiquitin ligase for ubiquitination modification and eventual
degradation via the proteasomal pathway, we next examined whether proteasome inhibition
contributes to the observed PKD-1-induced KRAS G12C protein degradation and cell viability
inhibition. PS-341, a proteosome inhibitor, was used to interrogate this mechanism.

We first tested whether PS-341 alone has any inhibitory effect on the proliferation of MIA
PaCa-2 cells to rule out of nonspecific effect. PS-341 clearly demonstrated anti-proliferation
effect in a dose-dependent manner (Figure 6A). In the following experiment, we chose two
concentrations of PS-341, 10 nM and 40 nM, which alone did not significantly affect cell
proliferation. When studied as a pretreatment, PS-341 partially prevented the effect of PKD-1
in MIA PaCa-2 cells with the IC50 value of PKD-1 increasing from 0.599 µmol/L (without
PS-341 treatment) to 0.885 µmol/L (10 nM PS-341 treatment) and 0.856 µmol/L (40 nM PS-341
treatment) (Figure 6B). The blockade was most apparent at lower PKD-1 concentrations.

This result suggests that the efficacy of PKD-1 is diminished by proteasome inhibition and
that the effect of PKD-1 against PaCa-2 tumor cell proliferation is at least partially mediated by
promoting proteasomal degradation of KRAS G12C protein.

Figure 6 A. Effects of PS-341 on cell proliferation activity; B. Effect of PS-341 on the
inhibitory activity of PKD-1.

3.5 Effect of PKD-1 on the MIA PaCa-2 cell cycle
Because PKD-1 was able to significantly inhibit cell proliferation (Figure 5), we next

examined whether PKD-1 treatment could lead to cell cycle arrest, a process that is opposite to
cell proliferation. Using flow cytometry, we found that the cell ratio in G0/G1 phase in MIA
PaCa-2 cells was 50.1% when there was no drug treatment (Figure 7A). In contrast, the ratio of
the cells in G0/G1 phase increased dose-dependently with increasing PKD-1 concentrations,
reaching 61.7% (Figure 7B) and 66.5% (Figure 7C) at PKD-1 drug concentrations of 0.1 and 1
µmol/L, respectively. These results indicate that PKD-1 can lead to cell cycle arrest in MIA
PaCa-2 cells.
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Figure 7 PKD-1 induced cell cycle arrest in G0/G1 phase. A1, A2: Control group; B1, B2:
0.1 µmol/L PKD-1 group; C1, C2: 1 µmol/L PKD-1 group.

3.6 Effect of PKD-1 on apoptosis in MIA PaCa-2 cells
Finally, we examined whether PKD-1 treatment could lead to cellular apoptosis. Hoechst

33258 staining was used to observe the morphological changes of cell apoptosis. As can be seen
in Figure 8, increasing dose of PKD-1 dose-dependently increased the chromatin condensation
as reflected by fluorescence aggregation. At the concentration of 0.1 µmol/L, PKD-1 treatment
led to high percentage (> 60%) of apoptotic cells (Figure 8), indicating that PKD-1 was able to
induce apoptosis in MIA PaCa-2 cells.

Figure 8 The cell cycle count. PKD-1, A1, A2: control group; B1, B2: 0.1 µmol/L group;
C1, C2: 1 µmol/L group; The data are expressed as the mean ± SD (n = 3), Compared with the
control group, ∗p < 0.05.

4 Discussion and conclusion
The primary findings of this study were that PKD-1 was able to bind to and promote the

degradation of KRAS G12C protein, inhibit cell proliferation, promote cell cycle arrest and
apoptosis in the pancreatic cancer cell line PaCa-2. In addition, the results showed that these
effects of PKD-1 were at least partially mediated by promoting proteasomal degradation of
KRAS G12C protein. Combined, these results suggest that PKD-1 could be a useful therapy
against pancreatic cancer and that the PROTAC technology is a viable approach to develop
targeted therapy for pancreatic cancer.

The RAS genes are the most frequently mutated family of oncogenes in cancer. Of these,
KRAS mutations are found in the majority of pancreatic cancer cases. KRAS G12C is a specific
KRAS sub-mutation, resulting from the substitution of glycine by cysteine at codon 12, and
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accounts for approximately 44% of all KRAS mutations. Developing targeted treatment for
pancreatic cancer caused by KRAS G12C mutations [18] has been an emerging strategy in
recent years with the PROTAC technique.

PROTAC technology consists of a POI ligand, linker, and E3 ligase ligand. The PROTAC
molecule directs the 26S proteasome to target proteins for targeted degradation by ubiquitinating
the target protein [19]. The first reported successful PROTAC-induced endogenous KRAS G12C
degradation in several KRAS-mutant cancer cell lines developed a compound LC-2 which used
MRTX-849 as the POI ligand and demonstrated high efficacy to induce sustained KRAS G12C
degradation [15]. In this study, we chose PKD-1 for all cellular assays which is different from
LC-2 in that the POI ligand was structurally different from MRTX-849 and which demonstrates
good (> 70%) degradation efficacy in SW1573 cells [15]. We first analyzed the binding ability
of PKD-1 to KRAS and its ability to degrade KRAS proteins, after which we performed assays
on the biological functions of PKD-1, including its effect on the proliferative effect of pancreatic
cancer cells (MIA PaCa-2), its effect on the cell cycle and its effect on apoptosis. The results of
the binding assay showed that PKD-1 was able to produce binding to KRAS proteins with an
EC50 of 144.7 nmol/L, similar to the ability of MRTX-849. In the Western blotting assay, it
showed that the molecular weight of KRAS protein increased with the increase of the PKD-1
concentration, demonstrating a clear upward shift of the KRAS G12C protein band. This result
was similar to the reported effect of MRTX-849 [15] and clearly showed that PKD-1 was able
to bind to KRAS G12C protein. In the time course study, PKD-1 was found significantly and
time-dependently reduced the KRAS protein level, suggesting that PKD-1 led to KRAS protein
degradation for up to 72 h.

In functional assays, PKD-1 was found to significantly inhibit the proliferation of MIA PaCa-
2 cells with an IC50 of 0.276 µmol/L, similar to that of the positive drug MRTX-849. PKD-1
at concentrations of 0.1 and 1 µmol/L significantly promoted cell cycle arrest in the G0/G1
phase and prevented cell cycle progression, which is consistent with the observed inhibition
of cell proliferation. Importantly, PKD-1 was found to significantly promote cell apoptosis in
MIA PaCa-2 cells, and morphological observation found that PKD-1-treated cells showed clear
nuclear sequestration. These results suggest that PKD-1 can exert the anti-proliferative effect
by blocking the progression of the cell cycle and promoting apoptosis. To further investigate
whether this effect of PKD-1 acts by promoting KRAS degradation, we used PS-341, an inhibitor
of the proteasome, to inhibit the proteasomal process, thereby blocking the degradation process
of KRAS protein. After the inhibition of 26S proteasome action, although PKD-1 was able to
bind to KRAS protein, the degradation of KRAS protein was significantly reduced. These results
further suggest that the anti-proliferative efficacy of PKD-1 was at least partially mediated via
promoting proteasome-mediated degradation of protein ubiquitination.

In summary, this study extended previous findings by showing that a PROTAC molecule,
PKD-1, was able to bind to and promote the degradation of KRAS G12C protein in pancreatic
cancer cells, which led to cell cycle arrest and apoptosis. The demonstrated efficacy of PKD-1
along with the reported effects of LC-2 in several cancer cell lines support the notion that
PROTAC engineered molecules is a viable drug development approach to design and develop
effective new therapies for targeted therapy of certain cancers such as pancreatic cancer.
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